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We report on the development of a diode laser system - the ‘Faraday laser’ - using an atomic
Faraday filter as the frequency-selective element. In contrast to typical external-cavity diode laser
systems which offer tunable output frequency but require additional control systems in order to
achieve a stable output frequency, our system only lases at a single frequency, set by the peak
transmission frequency of the internal atomic Farady filter. Our system has both short-term and
long-term stability of less than 1 MHz, which is less than the natural linewidth of alkali-atomic D-
lines, making similar systems suitable for use as a ‘turn-key’ solution for laser cooling experiments.
Diode laser systems have for a long time been the
workhorse of atomic physics, used in an extremely broad
range of applications from laser cooling to thermal
vapour experiments [1]. In the usual case of an external
cavity diode laser (ECDL), the external cavity is formed
using a grating which results ina frequency-selective feed-
back, ensuring lasing on one dominant mode. Subse-
quently, their output frequency is stabilised (‘locked’)
using either an external cavity [2], or an atomic fre-
quency reference with techniques such as the dichroic
atomic vapour laser lock (DAVLL) [3], frequency modula-
tion [4] and modulation-transfer [5] spectroscopy, polari-
sation spectroscopy [6] and electromagnetically-induced-
transparency [7] to narrow their linewidth and eliminate
long-term drift. Whilst the ease of use and reliability
of diode laser systems is continually increasing, the need
for locking necessitates the use of external optics adding
cost, volume and requiring users to have a high degree
of experitise in order to operate such systems success-
fully. In addition, such systems often still need frequent
attention to maintain their stability.
Here we report on the development of a laser system
using an atomic vapour Faraday filter as the frequency-
selective element - we call this system the ‘Faraday laser’.
Atomic Faraday filters have been well studied for over 60
years [8], and now find applications across many fields
(see ref. [9] for a comprehensive literature review). In
comparison with standard ECDL systems, the lasing
frequency is limited to the narrow-band transmission
window of the combined Faraday filter and cavity sys-
tem. Whilst the concept of the Faraday laser was ini-
tially developed many years ago [10, 11] and recently
re-evaluated [12], all these works suffer from long-term
drift of the laser’s output frequency. One option of re-
ducing this long-term drift is to use an optical fiber in
the external cavity [13, 14], thus creating an external
cavity whose modes are very closely spaced in frequency.
In contrast, we solve the long-term stability problem by
using a short cavity, such that only one cavity mode lies
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under the Faraday filter transmission profile at once, and
use standard lock-in techniques to lock the cavity to the
peak transmission of the Faraday filter. Our complete,
stabilised laser system is physically no larger than a stan-
dard commercial ECDL system, and is a ‘turn-key’ sys-
tem with essentially no user input required. This would
be particularly useful in, for example, laser cooling ex-
periments as a repump laser, or in teaching laboratories
where users are non-experts but require a stable laser
system.
The basic design of the Faraday laser system is shown
in figure 1. The external cavity of the laser, of length
L ∼ 70 mm (and hence free-spectral-range of∼ 2.1 GHz),
is formed between the back-facet of the laser diode (LD)
and the partially-reflecting (R = 90%) mirror (M). The
laser diode’s output facet is anti-reflection coated, and
the beam is collimated with an aspheric lens to form an
elliptical beam with 1/e2 radii of approximately 0.7 and 2
mm. Inside the cavity, the atomic Faraday filter is formed
by two crossed-polarisers (GT) and the anti-reflection-
coated vapour cell, with thickness ` = 5 mm. Two Nd
permanent magnets (PM) create an axial magnetic field
B across the vapour cell. The cavity mirror is mounted
on a piezo-electric transducer (PZT), which allows the
cavity length to be controlled. We apply a sinusoidal
modulation at a frequency of 1 kHz to the PZT, and use
a photodiode external to the laser cavity (PD) to monitor
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FIG. 1. Schematic of the Faraday laser design and testing
setup. LD - Laser diode; GT - Polarising beam splitter cube;
PM - permanent magnet; M - partially reflecting mirror; PZT
- piezo transducer; PD - photodiode; BS - beam splitter; FPD
- fast photodiode. See main text for discussion of setup.
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FIG. 2. Faraday filter transmission as a function of laser
frequency detuning. The excellent agreement between exper-
imental data (blue solid) and theory (black dashed) is clear.
The bottom panel shows the residuals (R), which have been
multiplied by 100 for clarity. Fit parameters B = 248.5 G,
T = 90.3◦C. The dashed red line shows the expected double-
pass filter transmission. Maximum transmission is 93% and
occurs at ∼ 200 MHz detuning. Zero detuning is defined as
the weighted line-centre of the Rb D2 line [15]. For reference,
we also plot the zero-field, room-temperature transmission of
a naturally abundant Rb reference cell as a grey outline.
the output power. The photodiode signal is the control
signal for a PID feedback loop, whereby the piezo voltage
is controlled to keep the laser at maximum output power.
The exact operating frequency of the laser is set by
the peak of the Faraday filter transmission. For ef-
ficient single-mode lasing, we engineer a single high-
transmission filter peak that overlaps with a single cavity
mode. High transmission in Faraday filters occurs where
the light is rotated by pi/2, but with low absorptive losses.
Modelling this is non-trivial due to the complex hyper-
fine structure and isotopic abundances in Rb; details can
be found in our previous publications [15–18]. We use
the program ElecSus [18] to calculate the filter profile in
this work.
In practice, once the cell thickness, buffer gas broaden-
ing [9] and atomic abundance ratios have been fixed (by
choice of vapour cell), there are only two adjustable pa-
rameters; temperature T (which sets the atomic number
density), and applied magnetic field B. In our system, we
use a naturally abundant Rb vapour cell of length 5 mm
with no additional buffer gases, and we find high (> 90%)
maximum transmission at T = 90◦C and B = 250 G. We
choose these conditions as both the field and temperature
are easily achievable in the lab, as a proof-of-principle
demonstration. Other operating conditions are available,
e.g. the 87Rb laser cooling or repump frequencies [19].
To test the filter performance, we measure the trans-
mission of a second ECDL through the filter as a func-
tion of frequency. The Faraday filter spectrum is shown
in figure 2. We plot experimental data (blue) and the fit-
ted theoretical spectrum (black dashed line), which show
excellent agreement, as indicated by the residuals. The
fit parameters are within 1% of the design parameters
of 250 G, 90◦C. Since the light passes through the cell
twice inside the cavity, we also plot the double-pass fil-
ter (which is in effect just the filter profile squared) -
the main transmission peak remains relatively unchanged
(86% rather than 93% transmission), whilst the off-band
transmission is more dramatically reduced.
With the present design, the output power of the laser
is around 0.5 mW with 27 mA drive current (just above
lasing threshold), which is enough to seed a second ‘slave‘
laser if additional output power is required. The intra-
cavity power is ∼ 10× the extra-cavity power. Whilst the
diode can operate up to 150 mA, the Faraday filter line-
shape becomes power-dependent at high intensity, due
to optical pumping effects [20, 21]. When operating the
laser in the high-power regime, the long-term (over many
hours) laser current drift is the dominant source of in-
stability (current controller: Thorlabs LDC202C), which
appears as correlated long-term drifts in the monitored
output power and output frequency. For this reason we
operate with lower current, where the power-dependence
of the Faraday filter is small.
To measure the Faraday laser frequency, we use a
commercial ECDL stabilised to the 5S1/2F = 3 →
5P3/2F = 4 transition in
85Rb using polarisaiton spec-
troscopy [6], and measure the heterodyne beat-note (ill-
lustration shown in fig 1) with the output of the Faraday
laser. We measure the beat-note frequency, fBN, corre-
sponding to the difference in frequency between the two
lasers on a fast photodiode (FPD), and monitor this beat-
note frequency over time using the FFT function of a fast
oscilloscope or, for short-term linewidth measurements,
on a spectrum analyser.
An important measure of laser performance is the
short-term linewidth, which we measure on a spectrum
analyser. In figure 3 we show a 10 ms single-shot spec-
trum of the beat-note frequency (relative to the central
operating frequency) and fit the data to both Gaussian
and Lorentzian line shapes. The data fit well to a Gaus-
sian (dashed purple line) with full-width-half-maximum
(FWHM) of 0.40 ± 0.01 MHz. That the data do not fit
well to a Lorentzian (blue line) indicates that technical
noise (pink-noise, 1/f) is likely to be the dominant source
of line-broadening [22]. The exact source of this noise is
beyond the scope of the current investigation. We note
that this is the combined linewidth of both laser sys-
tems - the measured linewidth is the convolution of the
linewidth of each laser. The reported linewidth is there-
fore an upper bound on the short-term linewidth of the
Faraday laser.
With only passive frequency stability controls, the
laser would drift over time as the cavity length drifts.
To combat this, we employ active stabilisation by mod-
ulating the cavity length via the PZT and detecting the
laser output on a photodiode. We form an error signal
via a lock-in amplifier which is passed to a PID con-
troller, locking the laser output frequency to the peak of
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FIG. 3. Short-time beat-note stability measurement using
spectrum analyser. Blue line: Lorentzian fit with FWHM
0.34±0.01 MHz, dashed purple line: Gaussian fit with FWHM
0.40 ± 0.01 MHz. Resolution bandwidth 3 kHz, video band-
width 3 kHz, sweep over 25 MHz in 10 ms.
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FIG. 4. Long-term beat-note stability measurement as mea-
sured by the Allan deviation. Raw data are shown in the
inset; to indicate the scatter in data points, we also plot a
histogram of the data values.
the Faraday filter transmission curve. We monitor long-
term frequency stability using the fast Fourier transform
(FFT) function of a fast oscilloscope (2.5 GHz band-
width). Each oscilloscope trace is sampled at 20 GS/s
with a 40 kS record length, at a repetition rate of ap-
proximately 20 Hz over many hours, so it is impractical
to save all the data. Instead, we record the frequency of
the peak FFT intensity. We then analyse this data set
using the standard approach of an overlapping Allan de-
viation [23, 24]. In figure 4 we plot the Allan deviation as
a function of the averaging time, and in the inset we show
an example of the raw frequency data (average beat-note
frequency removed for clarity). The full data set is over
1 million points (only a small fraction is plotted).
With a single detector, we are limited to timescales
longer than half the sampling rate of the oscilloscope (τ >∼
100 ms). We could improve the short-time resolution by
using another detector [25], but this is beyond the scope
of this investigation. The Allan deviation data show that
the frequency stability of the laser is less than 1 MHz
(dashed horizontal line) for nearly all time scales greater
than 1 second, which is less than the linewidth of all
alkali-atom D-lines, making similar systems (operating at
slightly different wavelengths) suitable for applications in
laser cooling.
In conclusion, we have developed a proof-of-principle
stable laser system with intrinsic atomic feedback, re-
ducing the need for external optics and expertise that
is usually required to frequency-stabilise an ECDL op-
erating near an alkali-atom D-line transition. With the
current design, we achieve both short-term linewidth and
long-term frequency stability of better than 1 MHz. Sim-
ilar high-transmission Faraday filters can be engineered
for alternate operating wavelengths for the other alkali-
metal atoms, so in principle this type of design is gener-
ally applicable to all alkali-atoms.
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